Abstract-The benefits of multiuser diversity for fading channels are well established in the literature. What is not well documented is the effort required to obtain this CSI information at the scheduler for a frequency division duplex (FDD) system. This paper investigates the practical aspects of the feedback transfer process for a discrete rate-adaptive multiuser system including multi-access, feedback delay and feedback channel imperfections due to fading and additive noise. We compute the optimal power and bandwidth allocated for channel estimation and show that tradeoffs exist between these resources and the number of users depending on the feedback delay. It is also shown that quantization and feedback errors may increase the outage region as the number of users increases. This in effect reduces the multiuser diversity gain expected in ideal feedback channels.
I. INTRODUCTION
Channel state information (CSI) is important for multiuser systems to facilitate user scheduling in addition to resource allocation at the transmitter. It has been shown that independence among the channels linking the base transceiver station (BTS) and a group of users leads to multiuser diversity gain [1] , [2] , whereby the BTS transmits to the user with the best channel.
Similarly to any channel-aware transmitter, CSI acquisition at the scheduler is a limiting factor to the benefits provided by multiuser diversity, particularly for frequency division duplex (FDD) systems. For exaimple, in the downlink of a FDD cellular system, the users send their CSI estimates to the BTS on a bandwidth-, interference-, and delay-constrained reverse link, which is also degraded by fading and additive noise.
The aim of this paper is to study the effects of feedback delay, feedback errors, and multi-access issues on the feedback transfer process for a discrete rate-adaptive multiuser system. Our contributions are as follows: for a given feedback delay, the power allocation and bandwidth reserved for channel estimation are optimized It is observed that less power is required for training as the number of users increases. Secondly, by describing how feedback delay depends on the number of users to avoid multi-access interference (MAI), it would be seen that multiuser systems are limited by mobility, which differs from the constant delay assumption in [3] Finally the performance degradation caused by quantization and feedback errors is investigated, and we show how the channel fading characteristics could be used to mitigate this performance degradation.
Research into feedback transfer for multiuser systems has focused on the impact of quantization [4] , and on the bandwidth constraint of the reverse channel [5], [6] but possible MAI was not explored. This MAI problem was partly ad dressed in [7] where multiple thresholds are employed so that with high probability only one user may need to send back its CSI information. However, this scheme requires polling between the BTS and the users, and the delay may not be practical for time-selective fading channels. Moreover, user identification at the BTS implies that the feedback information is proportional to the number of users. Here, we consider an adaptive discrete rate system with simultaneous feedback transmission employing spreading codes to avoid MAI. When the system takes into account the practical constraints of quantization and feedback errors, we show that these errors introduce an outage region, which increases with the number of users.
The system is described in Section II, while Section III analyzes the system performance for noisy CSI feedback. Section IV presents numerical results on the effect of prediction, quantization, and feedback errors, and conclusions are given in Section V. In the paper, the subscripts f and r refer to the forward and reverse channels respectively, while A CM\f(,u, (2) where to = 0, tN = oc and {t ,N-l is the set of switching thresholds corresponding to the transmission mode set M. Similarly to [8] , the thresholds are optimized subject to an average BER constraint. At each user, the predicted CSI is quantized to b = log2 N bits and is transmitted to the BTS over a reverse channel subject to fading and additive noise. For simplicity the feedback channel imperfections can be characterized by a crossover probability matrix Q = [qi,j, where qij denotes the probability that the ith transmission mode is selected when the jth mode is optimal [9] . The effects of quantization and feedback error on the scheduling process would be explored later in the paper but first the estimation process is described.
A. Channel Estimation Channel estimation is typically carried out at the receiver for symbol detection (interpolation) and for CSI feedback to the BTS (prediction). To focus on the impact of imperfect CSI on the scheduler, we assume perfect CSI for symbol detection at the selected user. It is straightforward (see, e.g., [10] T, is the feedback duration. A similar approach is followed for analog feedback in [11] , but in this paper we consider digital transmission for both the forward and reverse channels. The received feedback signal at the BTS is given by
where gk is the reverse channel fading coefficient and is assumed to be constant for TI symbols. Furthermore, we also assume that gk is known to the transmitter to focus on the effects of MAI. The noise vector n, e CJV(O, IT,) and 'P, is the feedback power. It should be clear that Tr > Kb for the matrices to be mutually orthogonal so that the feedback duration is proportional to K. This is true even if only one user has feedback information for the BTS [7] because user identification implies that at least lo2 K bits must be sent. Since each user independently estimates its channel, as K increases the feedback delay is dominated by the processing time at the BTS and/or the feedback transmission time. In Section IV we will consider two cases for feedback delay, namely, a constant delay assumption, and a worst-case scenario when the delay is linearly proportional to K.
III. PERFORMANCE ANALYSIS
In this section, we analyze the average BER and spectral efficiency in the presence of prediction, quantization and feedback errors. Conditioned on the predicted channel, hk, the true channel may be written as hk = hk + hk, where hk CK(0 oT) is the prediction error and jT 1 [8] , [12] and /Pd is defined in (1)A Let x -lv lor be the normalized predicted SNR realization. The BER averaged over the channel for the ith constellation can be written as [12] BER(Mll,I J ) - (6) where f ) F ) are, respectively, the pdf and cumulative distribution function (cdt) of the optimal user's predicted channel. For Rayleigh fading, f (y) = K e -y (Ie-y)K-1 By substituting (6) into (4) it can be seen that the BER for any constellation is a function of ti. Let 0(ti) = (1 -F%yrla (t )) 1. Then, for Rayleigh fading and for K users, 0(tl ) = (1 -(1 -e-1 )K)-t e rntl) (7) of quantization and feedback errors. It would be shown that these imperfections cause the twin error events of erroneous user selection and erroneous constellation selection. Following the formulation of [4] , let Pr(k INl) denote the probability that user k* is selected for transmission given that _1li is the highest received feedback decision. It should be emphasized that reception of Al does not necessarily mean that the ith constellation is optimal but rather that the post-detection signal, WH[v, is decoded as ui. Therefore, the unconditional transmission probability for the ith constellation is given by 
F (tj)). (13) Using the Binomial Theorem and defining 0,,j = El=0 q1j, the transmission probability becomes [4] , the spectral efficiency is not affected since discrete constellations are employed. It is easy to verify by setting q -6,j that (14) reduces to the case of a zero-error feedback channel. It was shown in [13] [10] . The feedback transmission power is chosen to satisfy a feedback channel BER denoted by q= 0.01 when ML detection is employed. First, we consider the optimal power allocation for a feedback delay-<, ---------------constrained system. The system is optimized according to (l10)
for each point on the curves. Fig.1 shows the power allocation --------------for optimal and equal power allocation between training and data symbols. it is also limited by maximum number of users that can be served as indicated by -ation requirement at the crossover points between the curves. This practical limit annel characteristics on K may be increased by employing multiple antennas at the is shown in [9] , [13] BTS. It is well known that multiple antennas can be used for back receiver [9] for interference cancellation and this fact has been employed for fact that the average multi-antenna analog CSI feedback in [11] n long-term fading, The combined effect of quantization and feedback error respect to short-term for a zero-delay feedback channel is shown in Fig. 3 the SNR range. This shows that feedback error has a more serious effect as the number of users increases because of the double effect of wrong user and wrong constellation selection due to quantization and feedback errors Therefore a more stringent quality of service is required for the feedback channel as the number of users increases. For example the feedback BER should be smaller, and/or reverse link power should increase with K.
V. CONCLUSION
The effects of prediction, quantization and feedback errors have been investigated for a rate-adaptive multiuser system. It was shown that the training power can be traded off with the number of users K for a fixed feedback delay. However, user separation at the BTS implies that the feedback delay may increase proportionally with K, limiting the spectral efficiency growth with K as the fading rate increases. Furthermore, it was shown that feedback error increases the outage SNR region as K increases when the SNR thresholds are optimized to satisfy an average BER constraint. This limits the advantages of multiuser diversity gain in a practical system, and implies that feedback reliability is more critical as the number of users increases.
